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ABSTRACT
It is is^ortant to understand factors that affect the generation
rate and size distribution of dust in an industrial setting.
Information about these factors is necessary: (1) to develop product
specifications for allowable dustiness of industrial materials, (2)
to assess the inherent dustiness of processes and materials, and (3)
to evaluate changes to materials or processes that can control dust
problems. Investigation of these factors may be aided by the
development of a general theoretical framework, and a way to measure
the generation rate and size distribution of dusts. To meet this
need a drop test has been developed, which employs a high volume
cascade io^pactor to size the dust. Experiments measured the
generation rate and size distribution of an aerosol generated by
dropping sand with varying drop heights, mass flow rates, moisture
contents, and size distributions.
1.0 Introduation
'Dustiness' is defined in the literature as "the tendency of
dry materials to liberate dust into the air when handled" (BOHS
1995) in material transfer and processing operations. The term
'dustiness' is generally confined to mean the total mass of dust
generated per unit of material dropped and does not classify the
dust by size distribution or generation rate. 'Dustiness' in this
paper will refer to both the total mass of dust generated per unit
of material dropped and the size distribution of the dust.
Dustiness tests are laboratory procedures involving a means of
generating dust coupled with a means of quantifying the amount of
dust generated during the test. The test methods employed to
generate dust encompass gravity, mechanical, and gas dispersion with
some variation of gravity dispersion being the predominant method
employed (BOHS 1985). The methods used to quantify the amount of
dust generated range from the strictly qualitative, where the amount
of dust generated is visually compared and ranked by the observer,
to quantitative methods employing cascade in^ctors, light
obscuration, or measurements of mass of dust generated (BOHS 1985).
Exposure to dust has long been associated with pneumooonioses,
"the accumulation of dust in the lungs and the tissue reaction to
its presence" (ILO 1972). Pathological classifications of
pneumoconiosis given by Nagleschmidt (1960) encompass silicosis,
coalworker's pneumoconiosis, diffuse interstitial fibrosis (e.g.,
asbestosis and berylliosis), and mixed dust pneumoconiosis.
In addition, toxic substances absorbed from particles in lungs
may act at other sites; for exao^le, lead and cadmium deposits in
the lungs, are absorbed into the blood, and affect the kidney and
nervous system. The deposition site of dust in the lungs depends on
particle size. Concern vith the relationship between particle size
and site of toxic action has led to discussion of size-selective
threshold limit values, TLV's (Lioy 1984).
Investigation of the factors that affect the dustiness of
materials has the potential to help control dustiness through the
alteration of materials or processes to reduce a material's tendency
to produce dust. The factors that affect material dustiness are
poorly understood because "in the pantheon of control measures vhich
may be applied to solid material handling operations, relatively
little attention has been given to altering the dustiness of
materials" (Unknown 1988) as a control measure.
The ability to predict a material's dust generation rate and
size distribution should be useful to both industrial hygienist and
materials manufacturers. An industrial hygienist vould be able to
predict/estimate worker exposure from materials in use and determine
what controls are necessary for worker protection. Materials
manufacturers would be able to alter products to reduce dust levels
while still retaining necessary material handling qualities.
This study concentrates on developing a test to measure
dustiness and use of that test in a preliminary investigation of the
factors that affect dustiness.
2.0 Baokground
Although the first index for material dustiness (Index of
Dustiness for Coal and Coke) was adopted in 1939 (ASTM 1975) and an
apparatus for determining dustiness was reported by Andreasen et al.
(1939), no comprehensive or fundamental investigation of the factors
that affect dustiness has been reported. The British Occupational
Hygiene Society Technical Guide No. 4 (1985) contains a historical
background and review of 18 different dustiness estimation methods.
The report also contains recoimnendations for future work that
include an investigation of the effects of sample size, drop height,
number of drops, and relative humidity on material dustiness and the
need for a standard material for calibration and reference of
different methods. The BOHS Technology Committee Working Party on
Dustiness Estimation (1988) reported on the effects of sample mass
and drop height on dustiness but not the effects of material size
distribution or moisture content, giving information on two of the
proposed four factors that affect dustiness.
Cowherd  and  co-workers  (1989)  have  reported  results  of
dustiness tests on 14 different materials and developed a four
parzuneter model for dustiness potential which accounted for 11%  of
the variation they observed in material dustiness tests.  The model
correlates the fractional mass lost, L (mg of dust per kilogram of
material dropped), with
L = 16.6(M)-0-75(Sg)3-9(D)-l-2(Mg)-0-45 (1)
Here, M is the moisture content {%),   Sg is the standard geometric
deviation of the particle size distribution, D is the bulk density
(g/cc), and Mg is the mass median diameter (|un) of the particle size
distribution. The apparatus used by Covherd et al., the Midwest
Research Institute (MRI) tester (Figure 1), is a drop test with
fixed drop height (25 cm) and fixed material volume (0.27 L).
Material dustiness is assessed by loading the material in a cup that
is rotated and vibrated to release the material. The material falls
and strikes the floor of the chzunber, the dust released is drawn off
at a rate of 8.3 L/min and collected on a 47-mm glass fiber filter
mounted in the top of the apparatus. Air is drawn in through vents
in the side of the apparatus, 20 cm above the floor. Material
dustiness is defined as the amount of dust on the filter divided by
the total amount of material loaded in the cup. This method cannot
investigate the effects of varying drop height, mass flow rates, or
entrained air since these parameters are fixed.
Cowherd and co-workers (1989) have also reported the results
of a laboratory-scale worker-exposure study that found "material-
specific suspended particulate emission factors vary approximately
in direct proportion to the drop height", and that particle
concentrations increased with increasing solids transfer rate. This
would indicate that the dustiness of a material increases with
increasing drop height and material transfer rate and that these
factors should be investigated further.
Other dustiness testing methods reported in the literature are
mechanical dispersion devices such as the Warren Spring Laboratories
(Higman 1985) rotating drum tester and the Huebach Dust Measurement
Appliance (Heitbrink 1989). In these devices the material is loaded
in a drum and then the dinim is rotated, vhich simulates repeated
dumping of the material in a confined space.  The dust generated is
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Figure 1. Midwest Research Institute (MRI) Dustiness Tester
dravn off and collected on a filter for subsequent weighing. The
weight of dust on the filter divided by the weight of material
loaded into the drum defines the material's dustiness. These
devices can handle wet or bulky materials easily but cannot
investigate the effects of varying drop height, mass flow rate, or
entrained air.  These devices are shown in Figures 2 & 3.
Other methods of assessing dustiness do not adequately address
the interdependence of dust concentration and size distribution.
Hill and Robinson (1969) and Hammond (1980) describe test methods in
which granular material is dropped and the optical density of the
resultant dust cloud is measured. Because the optical density of a
dust cloud depends on the interaction of concentration and size
distribution (Reist 1984), this technique cannot assess mass
generation rate and size distribution independently.
Studies that evaluate dust problems in industry have generally
been undertaken with a specific goal in mind, and so have considered
the problems of only one material or situation. Sutter and co-
workers (1982,1983,1984) investigated the mass of dust generated by
an accident at a "nuclear fuel cycle facility". They dropped
measured quantities of Ti02 and "depleted uranium powders" in a
closed chamber, then sampled the air in the chamber until virtually
all suspended particles were collected. This technique gave values
for suspended dust mass that are to low, and values for size
distribution that are too fine, because some of the dust must have
settled out before it could be sampled. Cooper and Horowitz (1986)
overcame this difficulty by dropping "a photographic developer
component" into a rising column of air that carried all respirable
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Fig.     3      WSL Rotating drum tester.
particles to a filter. Sutter et al. (1982) found the mass of dust
generated fay free fall is roughly proportional to the square of fall
height and strongly dependent on material type. They fitted their
data to log-normal distributions, then reported geometric standard
deviations of 1.9 to 8 for the dust suspended; hovever, the upper
values here seem too high to be correct.
Outdoor studies of air pollution in vhich processed steel slag
and crushed limestone irere dropped from the bucket of a front-end
loader provide another model for predicting dustiness. These
studies correlated generation rate for particles of size i, G±,   with
Gi = ki (S V H M2/3)/(w2). (2)
Here, S is the "silt content" (%) of the dropped material, V is the
crossvind velocity (km/hr), H is the drop height (m), M is the mass
of the material dropped (kg), W is the vater content (%), and k^ is
an empirical parameter that depends on particle size (Bohn 1978, US
EPA 1983). These tests vere conducted over a limited range of
experimental conditions. Field studies vith prilled sulphur
(Muleski 1985) found that dust generation rates vere similar to, but
higher than, predictions from Eq. (2). Additional laboratory
studies vith prilled sulphur (Yocom 1985) in a vind tunnel found
that the same independent variables as Eq. (2) could describe dust
generation rate, (Yocom 1984) but that the mathematical dependence
of generation rate on these variables was sufficiently different to
cause predicted generation rates to differ by orders of magnitude
from that of Eq. (2) under some conditions. Other lab studies with
sulphur confirm the strong dependence of generation rate on moisture
content (Lundgren 1979, 1983).
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The studies mentioned above are valuable because they identify
the important variables that affect dust generation rate and size
distribution. However, no single study incorporates all the
variables into a study design that covers a broad range of
conditions. Based upon these studies a preliminary theory for
factors that affect dustiness can be expressed as,
Gi = f{M, H, Si, Q, particle aerodynamic diameter,
material properties).  (3)
Here, Gi is the generation rate of particles of size i, M is the
moisture content of the material, H is the drop height. Si is the
size distribution of the parent material, and 0 is the mass flov
rate of the material.  Eq. (3) suggests that the generation rate for
particles of size i depends on total mass flov of all material, the
size distribution of the material,  the height  from which the
material drops, particle size, and material properties that affect
interparticle adhesion forces such as moisture content, material
stickiness, or electrostatic properties.  Several of these factors,
such as M, H, 0, and to some extent Si, can be controlled and are
appropriate for study. Other factors are specific to the material in
question and cannot readily be  controlled  except  by  changing
materials.
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3.0  Expariaental Apparatus & Variables
I. Apparatus Design
The apparatus for dustiness assessnmnt employs a drop test
(Fig. 4). A known zunount of material is dropped and the resultant
dust collected and analyzed. This method was chosen because it
represents the most common operation for material transfer used in
industry.
One side of the apparatus is wire-reinforced glass with the
reinforcing wire grounded to the frzune surrounding the glass. The
freune is a steel channel sealed to the glass with silicone sealant.
This window is used to exzonine what happens inside the apparatus.
Material with measured size distribution and moisture content flows
out of a hopper from a known height at a measured mass flow rate
through a hole that forms the lid of a hopper. Hole diameter is
adjusted to be slightly larger than the diameter of the falling
column so that air entrained with the column enters the hopper. Air
is drawn from the hopper by Fans "A" & "B" at a rate just sufficient
to prevent dust from puffing out the hopper vent. Fan "A"
circulates air through an elutriation column that has a high volume
cascade impaotor at its top. Fan "B" is controlled to remove air
from the exhaust stream of Fan "A". The volume of air removed by
Fan "B" from the exhaust of Fan "A" is replaced by the air entrained
Fan   "A"
Ixiterchangoab
Diameter   Tubes
Impactor
1MaterialHopper CutoiiValve
Elutriation
Column
Drop HeightHole    of
Adjustable
Diameter
Vent
Large
Slot
With
Telltale
Rece jvmg
Hopper
Baiiles     Distribute
Air  Evenly
Uniform
Aar Velocity
Air Boturn
Large  Particl
Settle Out
UNC DUSTINESS TESTING APPARATUS
FIGURE 4
13
in the falling column of material so that 34 m^/hr of air is
circulated through the elutriation column at all times.
The elutriation column is 70 cm on a side, which for an air
flov of 34 m^/hr is sufficient to prevent particles larger than 25
\Lsa in aerodyneimic dizuneter from reaching the column top. It is 175
cm from the oolumn floor baffles to the column top with the cascade
impactor hanging down into the column 25 cm making the distance from
floor baffles to cascade impactor 150 cm. The cascade impactor
separates particles down to 1.1 (un in aerodynamic diameter into four
size fractions. Particles that pass through the impactor collect on
a filter. The impactor is an Andersen High Volume Cascade Impactor
Model 65-000 utilizing aluminum foil substrates coated with silicone
grease (Vanderpool 1987) applied as an aerosol. The impactor was
calibrated for 34 m^/hr by Andersen Samplers Inc., the calibration
point for 34 m^/hr is 1.47 KPa pressure drop across the impactor
head at 758.2 mm Hg and 25°C. Equation 4 is used to correct
pressure drop to field conditions.
APf = 1.47KPa*(25<'C/T£)*(P£/758.2 mm %)     (4)
The material drop height is held constant by keeping the size
of the pile of dropped material in the hopper at a constant height.
This is done by employing a pyramid of styrofoeim discs that are cut
so that they have decreasing dizuneters going from bottom to top
which are at the angle of repose for the material in use. The angle
o£ repose for the material is found by dropping material and then
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measuring the height of the pile at vhiah any further material added
slides off the pile. The material slides off the pile into a
collection chamber beneath the styrofoam discs by means of a slit
cut around the outside of the disos. By knoving the diameter of the
discs and the height of the pile the angle of repose can be
determined.
Entrained air is measured by a thermal anemometer inserted in
the pipe downstream of the cutoff valve leading to Fan "B". The
thermal anemometer vas calibrated in the pipe using a 120 liter
spirometer. The flov through fan "B" is controlled by a variable
voltage controller.
The hopper hole dizuneter utilizes interchangeable tops with
holes of different sizes to match hole size to the size of the
falling column for varying mass flow rates and drop heights.
Details regarding equipment set-up, preparation, analysis, and
running the experiment are contained in Appendix A.
II. Variables and Lavels for ExperisMnts
The experiments measured the effects on dustiness for
variations in material flow, Q, drop height, H, moisture oontent, K,
and size distribution, S^.  The size distribution was altered by
sieving parent material through a 38 (un sieve, then adding or
deleting this fine material to the material tested. Table 1 is a
list of the experiments performed. Four experiments were conducted
with  base  values  of  all  variables  to  establish  experiment
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reproducibility and baseline data. Eight additional experiments
ͫere run with one independent variable set to either its high or low
value listed in Table 1 and all other variables set to their base
values.  The experiments were conducted in random order.
Table 1.   ?ariabla8  and Lawals  for ExpariBants
Variable Low Value Hiqh Value Base Value
Material Flow,   0 0.09 kq/s 1.25 kq/s 0.47  kq/s
Drop Height,  H 50 cm 150 cm 100 cm
Moisture Content.  M 0.1 % 0.8 * 0.4 *
Size Distribution,
(mass £  37 tun)
1.0 « 3.50 % 1.75 %
The entrained air for each experiment was determined prior to
running each experiment by the method described earlier. Table 2
contains the entrained air settings for each mass flow rate and drop
height.
Table 2. Entrained Air MeasureHents
Mass Flow Rate
(kq/sec) 50 cm
Drop Height
100 cm 150 cm
Entrained Air
{m3/hr)
0.09 3.84 19.22 27.73
0.47 8.24 21.96 31.16
1.25 11.94 26.77 37.75
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Builders' sand vas used for these experiments because it vas
inexpensive, readily available, non-toxic, and sufficiently dusty to
achieve measurable results at all variable levels. Two separate
batches of sand vere used in these experiments. The sand was
purchased from a local hardware store in 75 lbs. (34.02 kg) bags.
The sand bags were emptied onto a tarp where the sand vas mixed
together and then transfered to buckets vith air-tight lids for
storage. The size distribution for each batch of sand is shovn in
Table 3 and graphically in Figure 5.
Table 3. Size Distrifaation of Sand
Sieve # Size Openlna 1st Batch 2nd Batch
(mjd) {%  < opening) {%  < opening)
7 2800 0.0 0.0
10 2000 0.07 0.0
14 1400 4.61 5.25
18 1000 12.76 14.83
25 710 19.53 22.80
35 500 24.54 23.42
45 355 15.47 13.82
60 250 12.21 9.94
100 150 6.95 5.80
140 106 1.13 1.13
200 75 0.62 0.61
270 53 0.30 0.28
400 38 0.15 0.22
< 400 < 38 1.67 1.82
25.00!! T
O.OOX
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Figure 5.  Size Distributions of Sand
The    two   distributions   were    conqared   using   a   paired    t-test
(Systat    Version    4.0). The    paired    t-test    gave    the    following
statistics;
mean difference = -0.002
SD difference = 1.411
T = -0.006
degrees of freedom = 13
Prob = 0.996
These statistics combined with Figure 5 indicate that there is
no significant difference between the two batches of sand used for
these experiments.
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4.0 Results & Discussion
Tvelve tests vere performed; the results are shown in Table 4
and Figures 6(a-d). Table 4 shows the total mass collected for each
run and the mass collected on each stage of the high volume cascade
impactor. The tvo negative values for mass collected were set to
zero when determining the total mass collected for each run. These
negative values are attributted to errors in weighing and handling
the substrates but were not excluded from the overall analysis.
Figures 6(a-d) are plots of dustiness in terms of milligrams of dust
generated per kilogram of material dropped plotted against each
independent variable.
frable 4. Dustiness Test  Results
Run # Variable Total Staqe  1 Staqe 2 Staqe  3 Staqe 4 Back-up
Changed Mass Filter
iwQ) im) (mcr) (HKJ) imj) (njq)
L Low M 532.4 328.6 94.8 20.7 15.3 73.0
M Base 156.2 126.2 10.1 8.9 (-2.7) 11.0
N Low H 70.3 39.3 12.7 4.7 2.0 11.6
P Hiqh H 367.8 277.2 58.7 18.6 6.0 7.3
0 Low 0 262.6 117.2 50.7 16.7 7.6 70.4
R Base 142.5 87.0 32.0 8.6 6.8 8.1
S Base 161.6 106.6 35.1 10.3 4.3 5.3
T Hiqh 0 209.5 161.2 29.2 8.7 5.8 4.6
U High Si 211.7 156.1 34.9 9.3 3.8 7.6
V Base 144.0 105.6 23.2 7.2 4.9 3.1
X Low Si 41.0 18.8 12.7 2.0 1.8 5.7
Y Hiqh M 13.8 9.1 3.9 (-1.3) 0.4 0.4
Table 4 shows that the dustiest condition is the low moisture
content experiment and the least dusty condition is the high
moisture content experiment, 532.4 mg .vs. 13.8 mg generated.  The
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second greatest variation in dust generated is between the high and
low drop heights, 367.8 mg .vs. 70.3 mg. Increasing or decreasing
the < 38 (un size fraction produces the third largest variation in
dustiness with values ranging from 211.7 mg to 41.0 mg for the high
and low < 38 ^jh content runs. Varying the mass flow rate changes
the amount of dust generated but not to the extent that variations
in drop height, moisture content, or size distribution affect
dustiness, with values 262.6, 150.4, and 209.5 mg for the low, base,
and high mass flow rates. This trend is inconsistent with other
work (BOHS 1985) and will be discussed later.
Four experiments were run with variables set to their base
values. These runs were conducted to establish baseline data and
experiment reproducibility. The total mass of dust generated in
each experiment shows reasonable agreement with variations of less
than 10% at the high and low ends from the average. The values for
mass collected on each stage show a much greater spread with
variations as high as :t50%. Work in progress suggests that some of
this variation may be caused by the styrofozun discs used for the
constant height pile, which can be exposed and therefore provide a
hard surface for the material to bounce off, liberating more dust
than when the material impacts upon itself. The average, high, and
low values for each impactor stage and total mass for the base
experiments are shown in Table 5. The high and low values are the
highest and lowest values obtained overall and do not represent a
single experiment but are drawn from the four experiments that were
performed.
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Table 5. Averaae. Low. and Hiqh Values for Baseline Experiments
AvQraqe Low Hiqh     1
Total Mass 151.08 142.5 161.6
1st Stage 106.3 87.0 126.2
2nd Staqe 25.1 10.1 35.1
3rd Staae 8.75 7.2 10.3
4th Staqe 5.33 4.3 6.8
! Backup Filter 6.88 ͣ 11.0 3.1     1
The size distribution of the dust generated for each run is
shown in Figure 7. In general, finer dusts were generated for the
following conditions; 1) low mass flow rate, 2)low drop height, 3)
low moisture content, and 4) low £ 38 |un content and coarser dusts
were generated for 1) high mass flow rate, 2) high drop height, 3)
high moisture content, and 4) high £ 38 (un content. These size
distributions coupled with the total mass numbers indicate that the
dustiest conditions also had the finest size distributions. The
fact that the high < 38 |un content run had a coarser distribution
than the low £ 38 |un content run is consistent, even if counter
intuitive, since there are more small particles in this run and the
apparatus was sized so that only particles 25 (un and below would
reach the impactor. Variations in the size distribution of dust
generated are expected since the material properties, physical
characteristics, and the energy imparted to the system are changed
with variations in moisture content, particle size distribution, and
drop height. Heitbrink (1989) has reported variations in the size
distributions of dust generated with the MRI and Huebach dustiness
tester for similar variations in experimental parzuneters.
The increase in dustiness with increasing fines (< 38 ^un)
content seen in these experiments is the opposite effect from that
reported by Andreasen et al. (1939).   Their findings were that
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increasing fines (< 10 )ua in their vork) content decreased material
dustiness. The materials used in our experiments were not sized
belov 38 |un and therefore the content of < 10 }un material is not
knovn; subsequently the increase or decrease in < 10 ^jn material
cannot be assessed for our experiments. No other work has reported
on the influence of increasing or decreasing particle size
distribution on material dustiness, but Covherd (1989) reported that
particle size distribution exhibits substantial partial correlation
with mass loss vhen moisture content is taken into account.
The numbers for total mass of dust generated agree with other
published reports shoving that the dustiness of a material increases
with increasing drop height. Cowherd et al. (1989) reports that "it
is reasonable to anticipate a linear dependence of emission rate on
drop height over a limited range of heights". Their experiments
used drop heights of 14, 22, and 32 cm and compared the results to
those obtained from previous studies with the MRl dustiness tester
which has a drop height of 25 cm and concluded that "the suspended
particulate emission factor determined from pouring in the ACE
laboratory vary approximately in direct proportion to drop height."
The data in Table 4 agree with this statement when comparing the low
drop height (50 cm) number (70.2 mg) to the base value (100 cm)
average (150.4 mg), this is a factor of 2.14 for a doubling in drop
height. The change in dustiness from the base value average to the
high drop height (150 cm) number (367.8 mg) is a factor of 2.44 for
an increase in drop height of 1.5 times. The BOHS (1988) has
reported that for drop heights of 1 meter and more the relationships
between dust yield and drop height are inconclusive, which is the
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case for the one drop of more than 1 meter in these experiments.
Heitbrink (1988), in a study comparing worker exposure to dustiness
test data, has reported that dustiness is related to drop height but
aoncludes that the exact relationship is uncertain and could vary
from material to material. The data contained in Table 6 does not
refute the idea of a linear relationship between drop height and
dustiness for drop heights of 1 meter or less. The drop height
correction in the table is the drop height (cm) used in our
experiments divided by the MRI drop height. The MRI predicted
values, corrected for drop height, show close agreement for all drop
heights (50, 100, and 150 cm) with decreasing accuracy for higher
moisture contents.
The strong relationship between moisture content and dustiness
is supported by the work of Lundgren (1979,1983) in determining
emission factors for fugitive emissions. This work showed
increasing moisture content to decrease dramatically a material's
dustiness. Cowherd (1989) also found "that low mass lost
(dustiness) is associated with high moisture content".
The variations in dustiness with mass flow rate do not match
those described in the BOHS (1988) report in which they found that
dustiness decreases with increasing szunple mass. They report that
this relationship holds true for both materials dropped as a single
mass and for materials dropped in a continuous stream.
The data in Table 4 shows decreasing dustiness with increasing mass
flow from the low to base values but show an increase in dustiness
for the high mass flow condition. The increase in entrained
airflow with mass flow rate is a possible explanation.  Increased
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entrained air, air contained vithin the column of falling solids, is
forced out of the column upon impaction vith a surface. This
exhausting of air from the material carries away dust particles, an
increase in the zunount of air within the falling column could
reasonably be expected to carry off a higher voliime of dust
increasing the amount of dust measured in the air.
Entrained air flow was measured in all the experiments
conducted. Entrained air increases or decreases match changes in
dustiness for the cases of high drop height, high mass flow rate,
and low drop height but does not match the increase in dustiness
with decreased entrained air for the low mass flow rate situation.
There is no clear link between entrained air and dustiness although
it appears that increased entrained air flow increases dustiness.
No other work has reported on the effects of entrained air on
material dustiness and therefore these general trends can not be
checked against other work.
Applying the model developed by Cowherd (1989) for predicting
the fractional mass loss (mg/kg) to the sand used in these
experiments and correcting the model for the difference in drop
height the following results are obtained:
Table S.   CoMparison. of Covhez-d Model to DataI
Predicted Value
(mcr/kq)
Moisture
Content
Drop Height
Correction
Corrected
Predicted Value
Actual Value 1
fiDCj/kq)
13.52 0.1 4 54.08 53.25         1
4.78 0.4 4 19.12 15.02
2.84 0.8 4 11.36 1.38
1             4.78 0.4 6 28.68 36.78
4.78 0.4 2 9.56 7.03          1
The model yields predicted values that are close to the actual
values for low moisture content and all drop heights.  The high
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moisture content situation is predicted poorly by this model. The
accuracy decreases with increasing moisture content, a l.S%
difference between actual and predicted for the 0.1% moisture case
and sf 25% difference for the 0.4% moisture cases but a 700%
difference for the 0.8% moisture case.
The Systat MGHL package was used to analyze the data contained
in Table 4 and generate a "best" fit linear regression equation to
the data. The data was analyzed as the natural log of the values
presented in Table 4 with the size fraction less than 38 ^jn and the
mid-point of the impactor size range as additional data points
(Appendix C). The "best" fit equation to the transformed data is as
follows:
Gi=-7.216+(-1.324*M)+(0.85*H)+(0.851*frac)+(-0.388*Q)+(0.843*Di)(5)
(Note: all variables are expressed as natural logs)
Here, G^ is the log of generation rate of particles of size i, M is
the log of moisture content {%), H is the log of drop height (m),
frac is the log of the fraction of parent material £ 38 ^jn (%), 0 is
the log of mass flow rate (kg/sec), and Di is the log of the mid¬
point of the impactor stage size range (jun). The Systat output for
this model is shown in Table 7.
Table 7. Multiwariate Linear Regression Statistics
DEP VAR:      GI      N:   58    MULTIPLE R:  .821    SQUARED MULTIPLE R:  .674
ADJUSTED SQUARED MULTIPLE R:  .64 3     STANDARD ERROR OF ESTIMATE: 0.879
STD COEF TOLERANCE    T    P(2 TAIL)
0.000 1.0000000 -16.779 0.000
-0.400 .9974594 -5.043 0.000
0.137 .9992560 1.726 0.090
0.153 .9999033 1.928 0.059
-0.149 .9992879 -1.885 0.065
0.654 .9980722 8.257 0.000
ANALYSIS OF VARIANCE
SOURCE   SUM-OF-SQUARES    DF  MEAN-SQUARE     F-RATIO       P
REGRESSION 83.154     5       16.631      21.533       0.000
RESIDUAL 40.161    52        0.772
VARIABLE COEFFICIENT STD ERROR
CONSTANT -7.216 0.430
M -1.324 0.263
H 0.850 0.492
FRAC 0.851 0.442
Q -0.388 0.206
DI 0.843 0.102
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Using this modsl, plots of Pradictad Ln(G^) versus Actual
Ln(Gi) were constructed. These are Figures 8 & 9. Figure 8 is
simply a plot of actual versus predicted values which shows the
characteristic scatter that can be expected with a model that
explains only 67% of the variation seen in the data. Figure 9 is
the same plot only the data points are identified by impactor stage.
This plot was done in an attempt to determine the origin of the
outlaying data points. Figure 9 shows scatter for all stages but
the largest amount of scatter is observed in the first stage data.
As mentioned earlier, continuing work with the dustiness test
apparatus has shown a variation in the mass of material collected on
the first stage related to use of the styrofoam discs to maintain a
constant pile height and this could account for the variation seen
in the first stage data. Further work should be done to
investigate the difference between impaction on a hard surface
versus impaction on an existing pile of the material being tested
for its influence upon material dustiness.
Inclusion of entrained air in the model did not effect the
predictive power of the model other than to increase the standard
error of estimation by a small amount (0.009). Because the entrained
air value was not measured directly, it was excluded from the model.
Figures 8 and 9 in conjunction with the Systat statistics
indicate that more work is needed to determine adequately the
relationship between the variables. The agreement with other
published work indicates that the apparatus and method are a
reasonable means for developing a model to predict material
dustiness.
Predicted   Ln(Gi)
Figure 8.   Plot of Predicted Dust Generation Rate versus
Actual Dust Generation Rate.
A-stage 1
0-Stage 2
*-Stage 3
+ -Stage 4
X-Backup Filter
O
C
D
<
Predicted   Ln(Gi)
Figure 9. Plot of Predicted Dust Generation Rate versus
Actual Dust Generation Rate for each impactor stage.
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5.0 Conelus ions
The conclusions reached from this study are:
1) The drop test apparatus developed for this study is a. reasonable
and acceptable means of assessing material dustiness.
2) Material dustiness is affected by the following factors, listed
in order of importance:
a) Moisture Content
b) Drop Height
c) Fines Content {<   38 )un in this study)
d) Mass Flow Rate
3) The affect of entrained air upon material dustiness is
inconclusive at this time.
4) The model developed from this data does not adequately account
for the data variability (R2 = 0.67), but is comparable to other
published models.
6.0 RaooaBandations & Liaitations
Recommendations:
Some recommendations are:
1. Material moisture content had the greatest effect upon
dustiness. Variations in moisture content should be
investigated further. Other studies reported that the
material used vas allowed to equilibrate in a 45% relative
humidity atmosphere prior to testing.   The difference in
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effect upon dustiness between exposure to a high relative
humidity atmosphere as compared to direct addition of moisture
should be investigated.
2. A wider range of drop heights should be used to determine
better the relationship between drop height and dustiness.
3. Development of a better method/equipment for controlling mass
flow rate needs to be investigated.
4. The role of entrained air in dustiness and an improved means
of measuring entrained air are necessary.
Limitations:
Some of the limitations of this study are:
1. Inability to measure directly the amount of air entrained in
the column of falling material.
2. The range of drop heights was limited by room size.
3. The limited range of mass flow rates available and the lack of
control over these rates due to the "tubes and hopper" system
used.
4. The use of the Andersen impactor and its large substrates (12
inch dizuneter) whioh led to excessive handling of the
substrates during the weighing and transfer processes,
introducing a substantial opportunity for experimental error.
This work was supported in part by a grant from the National
Institute of Occupational Safety and Health.
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APPEKDIZ A
This section contains the necessary details regarding preparation,
equipment set-up, and data analysis to perform the experiments
described in this paper.
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I. Equipaant Set-up
(A) Before starting check to make sure that Fan A is connected
to a voltage controller and that Fan B is connected to a Variac.
The valve on the pipe should be fully open to start.
(B) Position the hopper to the proper drop height (0.5, 1.0,
or 1.5 m). The drop height is measured from the bottom of the flov
control tube to the top of the material pile. Install the proper
tube for mass flow control, 0.09 kg/s, 0.47 kg/s, or 1.25 kg/s.
Install the hopper top plate with a hole diameter appropriate for
the flow and drop height conditions to be investigated.
(C) Center the hopper over the opening in the cheunber hopper
using a plumb bob.
(D) The thermal anemometer should be positioned and taped in
place in the hole in the outlet pipe. A wooden ledge helps to
support the thermal anemometer.
(E) Connect, level , and zero the water manometer for
measuring the pressure drop across the cascade impaotor.
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II.  Substrate Preparation
(A) Aluminum foil substrates are used throughout this
experiment. The foils are coated vith spray-applied, silicone
grease. A mask that covers the gasket sealing surfaces of the
impactor is used to prevent grease from getting on the sealing
surfaces and to leave an uncoated edge so that the substrates can be
handled. After applying the silicone grease the substrates should
be placed in their carrying case and left overnight to permit
solvent evaporation. Each substrate carries a nximber signifying the
substrate's position in the impactor (Stage Number) and letters to
denote the run number. The substrates are marked vith an ink marker
suitable for metal marking. The substrates are stored in plastic
bags after each run to prevent loss of collected dust. The plastic
bag and substrate are veighed together. Each plastic bag is marked
vith an impactor stage number and is used to hold the substrate vith
the same stage number for all experiments. The plastic bags and
substrates vith corresponding stage numbers should be stored and
veighed together.
(B) The glass fiber backup filter should equilibrate
overnight vith the substrates before use.
(C) A blank coated substrate and a blank backup filter are
carried for each run.
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III.  Weighing
(A) Material - The amount of- material to be dropped is
weighed using the Ohaus Soale in Room 119. This scale weighs from
0-45 kg. The material is stored in plastic containers weighing
about 1 kg each. After the material is weighed it is loaded into
the material hopper.
(B) Moisture Content - The moisture content of the material
is determined by taking a composite szui^le, from four locations
within the container, of material (30 grams) from the bulk volume,
weighing the material, drying the material in the oven for at least
24 hours and then reweighing the szunple. The difference in the
weights is the amount of moisture in the szinqsle. The moisture
content of a sample is increased by placing the material in a
container with an airtight lid, adding a known vol\ime of water to
the sample, sealing the container, rolling the container to mix the
water and material and then leaving the container for at least 24
hours. The true moisture content should be determined before using
the material by this method.
(C) Substrates - The substrates are weighed before and after
each run on the Mettler HL-52 Analytic Balance located in Rm. 149 of
Rosenau Hall. Each substrate and its corresponding plastic bag will
be weighed prior to the run. After the run each substrate will be
placed in its bag to prevent loss of collected material.
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lY.  Siava Analysis
(A) A sieve analysis of the material used is prefomned on a
bulk sample of the material before each series of runs. The
following sieves are available:
Screen Size Opening
#5 4.0 mm
#7 2.8 mm
#10 2.0 mm
#14 1.4 mm
#18 1.0 mm
#25 710 |tm
#45 355 \UB
#60 250 jun
#100 150 )m
#140 106 jun
#200 75 |un
#270 53 jun
#400 38 \m
Sieving is done as a combination of vet and dry sieving. A 1 kg
sample of material is loaded into the coarse sieves (#10 - #60) and
then placed in the sieve shaker. The sieves are taped together to
prevent fine material from escaping. The sieves are checked
periodically during shaking and any material in the pan (i #60) is
removed and loaded into the fine sieves (#100 - #400). When no new
material is in found in the pan the fine sieves are placed in the
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shaker and shaken for four (4) hours. After four hours the fine and
coarse sieves are stacked and wet sieved to remove any fines that
have adhered to the sieve screens or walls. The moisture is removed
by baking the sieves in the oven. The large sieves (> #18) are
tared prior to sieving and weighed after moisture removal to
determine the size fractions in these sieves. For the remainder of
sieves, the material is transferred to glass beakers, which are
tared prior to recieving material, and the moisture is removed by
baking in the oven. After moisture removal the beakers are weighed
and the zimount of material in each beaker is determined.
V.  Air Flow
(A) The required air flow through the cascade impactor is 34
m-^/hr, which is equivalent to a 1.47 KPa pressure drop across the
impactor. The air flow is controlled by the voltage controller
attached to Fan A. Changing the setting on the voltage controller
changes the voltage applied to the fan motor which in turn increases
or decreases air flow. The voltage controller setting is adjusted
while monitoring the AP across the cascade ioquictor with a water
manometer until 1.47 KPa AP is obtained.
(B) The air flow for removal of entrained air is set by using
the voltage controller attached to Fan B. The flow removed is
determined from the thermal anemometer reading for flow through the
outlet pipe. This value changes for each run and is determined by
making repeated drops at the desired conditions while monitoring the
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vent hole in the hopper. A 0-tip dipped in titanium tetrachloride
is used as a telltale to check visually for airflow in or out of the
vent. The setting for Fan B is adjusted until a no-flow condition
is achieved at the vent.
VI.  Clean—up of Eqaipaant
(A) The interior of the chzunber should be blown down with
compressed air after each run to remove any particles adhering to
the walls. The glass should be cleaned vith glass cleaner. When
the receiving hopper is full, the large shop-vac is used to remove
the material from this hopper.
(B) The impactor plates should be cleaned with soap and
water, then air dried to remove any silicone residue or dust on the
plates.
YII. Running the Ezpariaant
With the material weighed and loaded and the substrates
coated, installed in the impactor, and the impactor attached to the
Hi-Vol:
a) Close and seal the door.
b) Turn on the Hi-Vol blowers
o)  Set the air flow to 34 m-^/hr through the impactor - 1.47
KPa AP
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d) Adjust the air ilovr   for entrained air removal to the
desired set point.
e) Remove the stopper from the material hopper and start the
stop watoh.
£)  Turn o££ entrained air Hi-Vol when material flow stops,
record time
g)  Run impactor Hi-Vol (Fan A) for six (6:00) minutes after
material flov stops, this is three air changes through the
chzunber.
1^)    Record all  settings:  Variacs,  AP,  time,  thermal
anemometer.
i) Remove the impactor from the chamber, place each substrate
and the backup filter in its marked bag, and place the bags in
the carrier.
j) Weigh and record substrate and blank masses.
YIII. Data Analysis
(A)  Sieve Data - Parent Material Size Distribution
The data obtained from sieving the material is processed into
a size distribution by taking the mass of material found in each
size range and dividing it by the total mass of the sample to
determine the mass fraction in each size range. The cumulative
percent is found by summing the percent in each size range
proceeding from the smallest size to the largest size. A san^le
calculation is shown in Appendix F.
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(B)  Impactor Data - Dust Size Distribution
The size distribution o£ the dust collected on the impactor
stages is determined by the folloving procedure (A sample
calculation is shown in Appendix F):   ͣ
1) Determine the change in weight for each substrate in
the impactor including the backup filter.
2) Add up the weight changes to obtain the total weight
o£ the dust collected.
3) Divide the zunount collected on each substrate by the
total amount collected to determine the percentage of the
total collected on each substrate.
4) The particle sizes for each stage are as follows:
Stage 1  - > 7.0 ^jn (Andersen # 1-1)
Stage 2  - 3.3-7.0 ^ (Andersen # 2-3)
Stage 3  - 2.0-3.3 |un (Andersen # 3-4)
Stage 4  - 1.1-2.0 yja (Andersen # 4-5)
Backup - 0 - 1.1 }un
5) Plot the results on log-probability paper using the upper
bound size for each size range on the log scale .vs. the
cumulative percent by weight less than the upper bound size on
the probability scale.
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APPENDIX B
This section contains the raw data from each experiment and was used
to construct Table 4, Figures 6a, b, c, and d, and Figures 7a, b, c,
and d.
DUSTINESS TEST MEASUREMENTS
RUN "L"
MATERIAL =    SAND
MASS FLOW RATE = 0.472 kg/s IMPACTOR FLOW = 34 m3/hr
DROP HEIGHT = 1.0 m DROP TIME = 21.15 sec
MOISTURE CONTENT = 0.1 « MASS DROPPED = 10 kg
ENTRAINEDAIR = 21.99 m3/hr
Substrate          Tare Bag Final Weight  Mass Collected Cum %
1L                  5.0441 6.7143 12.0870          0.3286 100.00!?
2L                  5.0589 6.7165 11.8702           0.0948 38.28«
3L                  4.9885 6.7313 11.7405           0.0207 20.47SR
4L                   4.9906 6.7469 11.7528          0.0153 16.59!?
BUL                  3.2490 6.7510 10.0730           0.0730 13.71!8
BUNK                4.9402 4.9402           0.0000
TOTAL = 0.5324
53.24 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "M"
MATERIAL = SAND
MASS FLOW RATE = 0.47 kg/s
DROP HEIGHT = 1.0 m
MOISTURE CONTENT = 0.4 %
ENTRAINED AIR = 21.99 m3/hr
IMPACTOR FLOW = 34 m3/hr
DROP TIME = 20.97 sec
MASS DROPPED = 10 kg
Substrate Tare Bag Final Weight Mass Collected Cum %
IM 4.9822 6.7333 11.8417 0.1262 100.00X
2M 4.8909 6.7519 11.6529 0.0101 19.21«
3M 5.0068 6.7442 11.7599 0.0089 12.74!?
4M 4.9904 6.7671 11.7548 -0.0027 ?
BUM 2.6124 6.7537 9.3771 0.0110 7.045?
BLANK 4.9334 4.9335
TOTAL =
0.0001
0.1562
15.62 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "N"
MATERIAL =    SAND
MASS FLOW RATE = 0.48 kg/s IMPACTOR FLOW =: 34 m3/hr
DROP HEIGHT = 0.5 m DROP TIME = 20.E)?fC
MOISTURE CONTENT = 0.4 « MASS DROPPED = 10 kg
ENTRAINED AIR = 8.25 m3/hr
Substrate           Tare Bag Final Weight Mass Collected Cum %
IN                  5.1143 6.7458 11.8994 0.0393 100.00«
2N                   4.9734 6.7354 11.7215 0.0127 44.10^
3N                   5.0441 6.7452 11.7940 0.0047 26.03«
4N                   4.9589 6.7695 11.7304 0.0020 19.35^
BUN                 2.5940 6.7489 9.3545 0.0116 16.505?
BLANK                4.9334 4.9334 0.0000
TOTAL = 0.0703
7.03 mg/kg
DUSTINESS TEST MEASUREMENTS
RUNT"
MATERIAL =    SAND
MASS FLOW RATE = 0.47 kg/s IMPACTOR FLOW = 34 m3/hr
DROP HEIGHT = 1.5 m DROP TIME = 20.7 ssc
MOISTURE CONTENT = 0.458 MASS DROPPED = 10 kg
ENTRAINEDAIR = 31.2m3/hr
Substrate          Tare Bag Final Weight Mass Collected Cum %
IP                   5.1844 6.7455 12.2071 0.2772 lOO.OOX
2P                   5.3080 6.7356 12.1023 0.0587 24.63^
3P                   5.1692 6.7475 11.9353 0.0186 8.67!l
4P                   5.1793 6.7696 11.9549 0.0060 3.62!?
BUP                  3.3078 6.7553 10.0704 0.0073 1.98«
BLANK                5.2101 5.2103 0.0002
TOTAL = 0.3678
36.78 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "Q"
MATERIAL =    SAND
MA.SS FLOW RATE = 0.09 kg/s IMPACTOR FLOW = 34 m3/hr
DROP HEIGHT = 1.0m DROP TIME = 106.97 sec
MOISTURE CONTENT = 0.4 « MASS DROPPED = 10 kg
ENTRAINED AIR = 19.24fn3/hr
Substrate Tare Bag Final Weight Mass Collected Cum %
IQ 5.0826 6.7577 11.9575          0.1172 lOO.OOX
2Q 5.0185 6.7412 11.8104          0.0507 55.375K
3Q 5.1049 6.7548 11.8764           0.0167 36.06X
4Q 5.0014 6.7646 11.7736          0.0076 29.7058
BUQ 3.2170 6.7545 10.0419           0.0704 26.8151
BLANK 5.2101 5.2097         -0.0004
TOTAL = 0.2626
26.26 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "R"
MATERIAL = SAND
MASS FLOW RATE = 0.47 kg/s
DROP HEIGHT = 1.0 m
MOISTURE CONTENT = OA 58
ENTRAINEDAIR = 21.99 m3/hr
IMPACT0RFL0W = 34m3/hr
DROP TIME = 20.96 sec
MASS DROPPED = 10 kg
Substrate Tar© Bag Final Weight Mass Collected Cum %
1R 5.0853 6.7571 11.9294          0.0870 100.001
2R 5.2120 6.7443 11.9883           0.0320 38.95*
3R 5.1663 6.7565 11.9314           0.0086 16.49X
4R 5.0096 6.7646 11.7810           0.0068 10.46*
BUR 3.2686 6.7559 10.0326           0.0081 5.68*
BLANK 5.1503 5.1505           0.0002
TOTAL = 0.1425
14.25 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "S"
MATERIAL =    SAND
MASS FLOW RATE = 0.47 kg/s
DROP HEIGHT = 1.0 m
MOISTURE CONTENT = 0.4 %
ENTRAINEDAIR = 21.99 m3/hr
IMPACTOR FLOW = 34 m3/hr
DROP TIME = 20.85 sec
MASS DROPPED = 10 kg
Substrate Tare Bag Final Weight Mass Collected Cum %
IS 5.0603 6.7593 11.9262 0.1066 100.00SS
2S 5.1250 6.7454 11.9055 0.0351 34.035?
33 5.0292 6.7561 11.7956 0.0103 12.3151
4S 5.1619 6.7651 11.9313 0.0043 5.94!?
BUS 3.2843 6.7572 10.0468 0.0053 3.28!?
BLANK 5.1503 5.1503
TOTAL =
0.0000
0.1616
16.16 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "T"
MATERIAL =    SAND
MASS FLOW RATE =1.25 kg/s IMPACTOR FLOW == 34 m3/hr
DROP HEIGHT = 1.0 m DROP TIME = 9.89 Sfin
MOISTURE CONTENT = 0.4 % MASS DROPPED = 10 kg
ENTRAINED AIR = 26.8 m3/hr
Substrate Tare Bag Final Weight Mass Collected Cum %
IT 5.2674 6.7691 12.1977 0.1612 100.00«
2T 5.3643 6.7501 12.1436 0.0292 23.05^
3T 5.1653 6.7609 11.9349 0.0087 9.12!l
41 5.1214 6.7699 11.8971 0.0058 4.96^
BUT 3.2723 6.7590 10.0359 0.0046 2.20«
BLANK 5.1375 5.1376 0.0001
TOTAL = 0.2095
20.95 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "U"
MATERIAL = SAND
MASS FLOW RATE = 0.47 kg/s
DROP HEIGHT = 1.0 m
MOISTURE CONTENT = 0.4 %
ENTRAINEDAIR = 21.99 m3/hr
IMPACTOR FLOW = 34 m3/hr
DROP TIME = 21.15 sec
MASS DROPPED = 10 kg
INCREASED < 38 MICROMETERS
Substrate Tare Bag Final Weight Mass Collected Cum %
lU 5.1315 6.7850 12.0726 0.1561 lOO.OOf
2U 5.2925 6.7532 12.0806 0.0349 26.26«
3U 5.1181 6.7662 11.8936 0.0093 9.78«
4U 5.2529 6.7767 12.0334 0.0038 5.3858
BUU 3.3154 6.7620 10.0850 0.0076 3.59!?
BLANK 5.1375 5.1374
TOTAL =
21.17
-0.0001
0.2117
mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "V"
MATERIAL =    SAND
MASS FLOW RATE = 0.47 kg/s
DROP HEIGHT = 1.0 m
MOISTURE CONTENT = 0.4 %
ENTRAINEDAIR = 21.99 m3/hr
IMPACTOR FLOW = 34 m3/hr
DROP TIME = 20.98 sec
MASS DROPPED = 10 kg
ubstrate Tare Bag          Final Weight Mass Collected Cum %
IV 5.0218 6.7937 1.9211 0.1056 lOO.OOf
2V 5.1929 6.7561 1.9722 0.0232 26.67^
3V 5.0124 6.7660 1.7856 0.0072 10.56!l
4V 5.1555 6.7769 1.9373 0.0049 5.56X
BUY 3.3069 6.7632 0.0732 0.0031 2.15!?
BLANK 5.0834 5.0839
TOTAL =
14.4
0.0005
0.144
mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "X"
MATERIAL =    SAND
MASS FLOW RATE = 0.47 kg/s IMPACTORFLOW = 34 m3/hr
DROP HEIGHT = 1.0 m DROP TIME = 21.42 sec
MOISTURE CONTENT = 0.4 5? MASS DROPPED = 10 kg
ENTRAINEDAIR = 21.99 m3/hr DECREASED <38 MICROMETERS
Substrate           Tare Bag Final Weight Mass Collected CUM %
IX                  4.9533 6.7979 11.7700 0.0188 100.00X
2X                   5.0746 6.7558 11.8431 0.0127 54.15SK
3X                   4.9976 6.7671 11.7667 0.0020 23.17X
4X                    5.2117 6.7773 11.9908 0.0018 18.29X
BUX                   3.2712 6.7620 10.0389 0.0057 13.9058
BLANK                 5.0824 5.0826 0.0002
TOTAL = 0.041
4.1 mg/kg
DUSTINESS TEST MEASUREMENTS
RUN "Y"
MATERIAL =    SAND
MASS FLOW RATE = 0.47 kg/s IMPACTOR FLOW = 34 m3/hr
DROP HEIGHT = 1.0 m DROP TIME-21.42 S8C
MOISTURE CONTENT = 0.8 % MASS DROPPED = 10kg
ENTRAINEDAIR = 21.99 m3/hr
Substrate          Tare Bag Final Weight Mass Collected CUM %
lY                  5.0989 6.7970 11.9050 0.0091 100.00«
2Y                  5.0548 6.7569 11.8156 0.0039 34.06X
3Y                  5.2668 6.7681 12.0336 -0.0013 ?
4Y                   5.1373 6.7807 11.9184 0.0004 5.80)?
BUY                  3.2892 6.7621 10.0517 0.0004 2.90!?
BLANK                5.0381 5.0383 0.0002
TOTAL = 0.0138
1.38 mg/kg
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APPEKDII C
This appendix contains the data used in the Systat I^LH module to
generate the model shown in Equation 5. The model's predicted
values are also in this section.
Gi = K*M*H*£rac*Q*Di
Gi =Mass generated in size range i (grains)
K ͣ constant
M a Moisture content (* H20)
H = Drop Hieght , (meters)
frac as fraction £ 3E1 )un (*)
0 = Mass Flow Rat e (kg/s)
Di = mid-point of size range i (jun)
G H H frac 0 Di
0.3286 0.10 1.00 1.75 0.47 16.00
0.1262 0.40 1.00 1.75 0.47 16.00
0.0393 0.40 0.50 1.75 0.48 16.00
0.2772 0.40 1.50 1.75 0.47 16.00
0.1172 0.40 1.00 1.75 0.09 16.00
0.0870 0.40 1.00 1.75 0.47 16.00
0.1066 0.40 1.00 1.75 0.47 16.00
0.1612 0.40 1.00 1.75 1.25 16.00
0.1561 0.40 1.00 3.50 0.47 16.00
0.1056 0.40 1.00 1.75 0.47 16.00
0.0188 0.40 1.00 1.00 0.47 16.00
0.0091 0.80 1.00 1.75 0.47 16.00
G M H frac 0 Di
0.0948 0.10 1.00 1.75 0.47 5.15
0.0101 0.40 1.00 1.75 0.47 5.15
0.0127 0.40 0.50 1.75 0.48 5.15
0.0587 0.40 1.50 1.75 0.47 5.15
0.0507 0.40 1.00 1.75 0.09 5.15
0.0320 0.40 1.00 1.75 0.47 5.15
0.0351 0.40 1.00 1.75 0.47 5.15
0.0292 0.40 1.00 1.75 1.25 5.15
0.0349 0.40 1.00 3.50 0.47 5.15
0.0232 0.40 1.00 1.75 0.47 5.15
0.0127 0.40 1.00 1.00 0.47 5.15
0.0039 0.80 1.00 1.75 0.47 5.15
G M H frac 0 Dl
0.0207 0.10 1.00 1.75 0.47 2.65
0.0089 0.40 1.00 1.75 0.47 2.65
0.0047 0.40 0.50 1.75 0.48 2.65
0.0186 0.40 1.50 1.75 0.47 2.65
0.0167 0.40 1.00 1.75 0.09 2.65
0.0086 0.40 1.00 1.75 0.47 2.65
0.0103 0.40 1.00 1.75 0.47 2.65
0.0087 0.40 1.00 1.75 1.25 2.65
0.0093 0.40 1.00 3.50 0.47 2.65
0.0072 0.40 1.00 1.75 0.47 2.65
0.0020 0.40 1.00 1.00 0.47 2.65
0.0000 0.80 1.00 1.75 0.47 2.65
6 M H frac 0 Di
0.0153 0.10 1.00 1.75 0.47 1.55
0.0000 0.40 1.00 1.75 0.47 1.55
0.0020 0.40 0.50 1.75 0.48 1.55
0.0060 0.40 1.50 1.75 0.47 1.55
0.0076 0.40 1.00 1.75 0.09 1.55
0.0068 0.40 1.00 1.75 0.47 1.55
0.0043 0.40 1.00 1.75 0.47 1.55
0.0058 0.40 1.00 1.75 1.25 1.55
0.0038 0.40 1.00 3.50 0.47 1.55
0.0049 0.40 1.00 1.75 0.47 1.55
0.0018 0.40 1.00 1.00 0.47 1.55
0.0004 0.80 1.00 1.75 0.47 1.55
6 M H frac Q Di
0.0730 0.10 1.00 1.75 0.47 0.55
0.0110 0.40 1.00 1.75 0.47 0.55
0.0116 0.40 0.50 1.75 0.48 0.55
0.0073 0.40 1.50 1.75 0.47 0.55
0.0704 0.40 1.00 1.75 0.09 0.55
0.0081 0.40 1.00 1.75 0.47 0.55
0.0053 0.40 1.00 1.75 0.47 0.55
0.0046 0.40 1.00 1.75 1.25 0.55
0.0076 0.40 1.00 3.50 0.47 0.55
0.0031 0.40 1.00 1.75 0.47 0.55
0.0057 0.40 1.00 1.00 0.47 0.55
0.0004 0.80 1.00 1.75 0.47 0.55
Gi   = K*M*H*frac*0*Di
Gi =Mass generated in size range i    (grams)
K m constant
M = Moisture content (X H20)
H = Drop Hieght (iseters)
frao - fraction < 38 (ua (*)
0 = Mass Flow Rate (kg/s)
Di = mid-point of size range i (jua)
Ln(Gi) Lix(M) Ln(H) Ln(frac) Ln(Q) Ln(Di)
-1.1129 -2.3026 0.0000 0.5596 -0.7550 2.7726
-2.0699 -0.9163 0.0000 0.5596 -0.7550 2.7726
-3.2365 -0.9163 -0.6931 0.5596 -0.7340 2.7726
-1.2830 -0.9163 0.4055 0.5596 -0.7550 2.7726
-2.1439 -0.9163 0.0000 0.5596 -2.4079 2.7726
-2.4418 -0.9163 0.0000 0.5596 -0.7550 2.7726
-2.2387 -0.9163 0.0000 0.5596 -0.7550 2.7726
-1.8251 -0.9163 0.0000 0.5596 0.2231 2.7726
-1.8573 -0.9163 0.0000 1.2528 -0.7550 2.7726
-2.2481 -0.9163 0.0000 0.5596 -0.7550 2.7726
-3.9739 -0.9163 0.0000 0.0000 -0.7550 2.7726
-4.6995 -0.2231 0.0000 0.5596 -0.7550 2.7726
Ln(Gi) Ln(M) Ln(H) Ln(frac) Ln(Q) T.n(Di)
-2.3560 -2.3026 0.0000 0.5596 -0.7550 1.6390
-4.5952 -0.9163 0.0000 0.5596 -0.7550 1.6390
-4.3662 -0.9163 -0.6931 0.5596 -0.7340 1.6390
-2.8353 -0.9163 0.4055 0.5596 -0.7550 1.6390
-2.9818 -0.9163 0.0000 0.5596 -2.4079 1.6390
-3.4420 -0.9163 0.0000 0.5596 -0.7550 1.6390
-3.3496 -0.9163 0.0000 0.5596 -0.7550 1.6390
-3.5336 -0.9163 0.0000 0.5596 0.2231 1.6390
-3.3553 -0.9163 0.0000 1.2528 -0.7550 1.6390
-3.7636 -0.9163 0.0000 0.5596 -0.7550 1.6390
-4.3662 -0.9163 0.0000 0.0000 -0.7550 1.6390
-5.5468 -0.2231 0.0000 0.5596 -0.7550 1.6390
Ln(Gi)
-3.8776
Lii{H)
-2.3026
Ln(H)
0.0000
LnCfrac)
0.5596
Lii(O)
-0.7550
Ln(Dl)
0.9746
-A.1211 -0.9163 0.0000 0.5596 -0.7550 0.9746
-5.3602 -0.9163 -0.6931 0.5596 -0.7340 0.9746
-3.9846 -0.9163 0.4055 0.5596 -0.7550 0.9746
-4.0923 -0.9163 0.0000 0.5596 -2.4079 0.9746
-4.7560 -0.9163 0.0000 0.5596 -0.7550 0.9746
-4.5756 -0.9163 0.0000 0.5596 -0.7550 0.9746
-4.7444 -0.9163 0.0000 0.5596 0.2231 0.9746
-4.6777 -0.9163 0.0000 1.2528 -0.7550 0.9746
-4.9337 -0.9163 0.0000 0.5596 -0.7550 0.9746
-6.2146 -0.9163 0.0000 0.0000 -0.7550 0.9746
#NUM! -0.2231 0.0000 0.5596 -0.7550 0.9746
Ln(Gi)
-4.1799
Ln(M)
-2.3026
Ln(H)
0.0000
T.n(frac)
0.5596
Ln(0)
-0.7550
T.n(Di)
0.4383
#NUM! -0.9163 0.0000 0.5596 -0.7550 0.4383
-6.2146 -0.9163 -0.6931 0.5596 -0.7340 0.4383
-5.1160 -0.9163 0.4055 0.5596 -0.7550 0.4383
-4.8796 -0.9163 0.0000 0.5596 -2.4079 0.4383
-4.9908 -0.9163 0.0000 0.5596 -0.7550 0.4383
-5.4491 -0.9163 0.0000 0.5596 -0.7550 0.4383
-5.1499 -0.9163 0.0000 0.5596 0.2231 0.4383
-5.5728 -0.9163 0.0000 1.2528 -0.7550 0.4383
-5.3185 -0.9163 0.0000 0.5596 -0.7550 0.4383
-6.3200 -0.9163 0.0000 0.0000 -0.7550 0.4383
-7.8240 -0.2231 0.0000 0.5596 -0.7550 0.4383
Ln(Gi)
-2.6173
Lii(M)
-2.3026
La(H)
0.0000
Lii(£rac)
0.5596
L]i(Q)
-0.7550
T.ii(Di)
-0.5978
-4.5099 -0.9163 0.0000 0.5596 -0.7550 -0.5978
-4.4568 -0.9163 -0.6931 0.5596 -0.7340 -0.5978
-4.9199 -0.9163 0.4055 0.5596 -0.7550 -0.5978
-2.6536 -0.9163 0.0000 0.5596 -2.4079 -0.5978
-4.8159 -0.9163 0.0000 0.5596 -0.7550 -0.5978
-5.2400 -0.9163 0.0000 0.5596 -0.7550 -0.5978
-5.3817 -0.9163 0.0000 0.5596 0.2231 -0.5978
-4.8796 -0.9163 0.0000 1.2528 -0.7550 -0.5978
-5.7764 -0.9163 0.0000 0.5596 -0.7550 -0.5978
-5.1673 -0.9163 0.0000 0.0000 -0.7550 -0.5978
-7.8240 -0.2231 0.0000 0.5596 -0.7550 -0.5978
Ln(Gi)= -7.216+(-1.324*Ln(M))+(0.850*Ln(H))+(0.851*Ln(frac))+
(-0.388*Ln(0))+(0.843*Ln(Di))
LH(6i) LH(Gi)
Predicted Actual
-1.0609 -1.1129
-2.8964 -2.0699
-3.4937 -3.2365
-2.5517 -1.2830
-2.2550 -2.1439
-2.8964 -2.4418
-2.8964 -2.2387
-3.2759 -1.8251
-2.3065 -1.8573
-2.8964 -2.2481
-3.3726 -3.9739
-3.8141 -4.6995
-2.0165 -2.3560
-3.8520 -4.5952
-4.4493 -4.3662
-3.5073 -2.8353
-3.2106 -2.9818
-3.8520 -3.4420
-3.8520 -3.3496
-4.2315 -3.5336
-3.2621 -3.3553
-3.8520 -3.7636
-4.3282 -4.3662
-4.7697 -5.5468
2 5766 -3.8776
4 4121 -4.7217
5 0094 -5.3602
4 0675 -3.9846
3 7708 -4.0923
4 4121 -4.7560
4 4121 -4.5756
4 7916 -4.7444
3 8222 -4.6777
4 4121 -4.9337
4 8883 -6.2146
5 3298 #NUM!
3 0287 -4.1799
4 8642 #NUM!
5 4615 -6.2146
4 5196 -5.1160
4 2229 -4.8796
4 8642 -4.9908
4 8642 -5.4491
5 2437 -5.1499
4 2743 -5.5728
4 8642 -5.3185
5 3404 -6.3200
5 7819 -7.8240
3 9022 -2.6173
5 7376 -4.5099
6 3350 -4.4568
5 3930 -4.9199
5 0963 -2.6536
5 7376 -4.8159
5 7376 -5.2400
6 1172 -5.3817
5 1478 -4.8796
5 7376 -5.7764
6 2139 -5.1673
6 6554 -7.8240
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APPEMDIZ D
The data used in the Cowherd model is contained in this section.
Cowherd, MRI formula
L =   16.6 (Mr-0.75*(Sgr3.9*(Dr-1.2*(Mgr-0.45
L = fractional mass loss (mg/kg)
M = Moisture content (X)
Sg = Standard geometric deviation of the particle size distribution
D = Bulk Density (g/cc)
Mg = Mass Median diameter of the particle size distribution
L M Sg D Mg
13.5217 0.1000 2.0314 2.6500 2532.3367
4.7806 0.4000 2.0314 2.6500 2532.3367
2.8426 0.8000 2.0314 2.6500 2532.3367
interval Di Ni logdi Ni X Logdi (Logdg-LogdO 2.
1.4-2.0 1700 4.93 3.2304 15.9261 1.1388
1.0-1.4 1200 13.8 3.0792 42.4927 1.4969
710-1.0 855 21.16 2.9320 62.0404 0.7020
500-710 605 23.98 2.7818 66.7065 0.0244
355-500 427.5 14.64 2.6309 38.5169 0.2069
250-355 302.5 11.07 2.4807 27.4616 0.8017
150-250 200 6.37 2.3010 14.6576 1.2831
106-150 128 1.13 2.1072 2.3811 0.4666
75-106 90.5 0.62 1.9566 1.2131 0.3901
53-75 64 0.29 1.8062 0.5238 0.2582
38-53 45.5 0.18 1.6580 0.2984 0.2146
^38 38 1.75 1.5798 2.7646
274.9829
2.3958
9.3791
Dg = 562.1204 Jim
Log(Dg) = 2.7498
Stand. Dev = 2.0314
Log(sg) = 0.3078
MMD = 2532.3367
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APPEHDIZ E
This section contains the thermal anemometer calibration data.
Thermalanemometer Calibration
Low Scale
Spirometer Spirometer Travel Time TA Reading Calculated Calculated
start end Velocity Mass Flow
(cm) (sec) (fpm) (fpm) (liter/mln) cubic ft/min
62.80 54.70 8.10 30.32 100 93.21 21.34 0.75
54.70 46.60 8.10 30.20 100 93.58 21.42 0.76
46.60 38.50 8.10 30.31 100 93.24 21.34 0.75
61.90 49.20 12.70 30.51 200 145.24 33.25 1.17
47.70 34.80 12.90 30.58 200 147.19 33.69 1.19
61.70 40.00 21.70 30.71 315 246.54 56.44 1.99
54.70 34.40 20.30 30.47 315 232.46 53.21 1.88
42.00 22.00 20.00 30.12 315 231.68 53.03 1.87
65.30 41.40 23.90 30.61 390 272.43 62.36 2.20
64.40 41.40 23.00 30.60 390 262.25 60.03 2.12
65.90 36.40 29.50 30,44 480 338.14 77.40 2.73
60.00 30.00 30.00 30.48
Med Scale
480 343.42 78.61 2.78
•
Spirometer Spirometer Travel Time TA Reading Calculated Calculated
start end Velocity Mass Flow
(cm) (sec) (fpm) (fpm) (liter/mln) cubic ft/min
64.40 33.00 31.40 26.65 575 411.10 94.10 3.32
63.00 28.80 34.20 28.65 575 416.50 95.34 3.37
71.20 29.70 41.50 29.42 740 492.18 112.66 3.98
71.60 29.10 42.50 30.34 740 488.75 111.88 3.95
73,70 31.00 42.70 25.39 900 586.79 134.32 4.74
77.30 30.60 46.70 27.85 900 585.07 133.93 4.73
78.30 31.00 47.30 25.34 1000 651.28 149.08 5.26'
78.20 29.40 48.80 26.02 1000 654.38 149.79 5.29
77.30 29.90 47.40 21.64 1190 764,25 174.94 6.18
79.50 30.30 49.20 22.85 1190 751.27 171.97 6.07
0.08 -J
^0.07 -.
\^0.06 -.
E
^^0.05 ^
<
0.04 -
CD
.-0.03 ^
O
l5 0-02 ^
0.01
Thermal Anemometer Calibration
Low Scale (0-500 fpm)
R^ = 0.991
I  I  I  I  I I  I  I  I  I  I I M  M  I  I  I  I  I  I  I  M
0.00 100.00      200.00
I I I I I I I I I I I I I I I I I I I I I I I I
300.00  400.00  500.00
Thermalanemonneter  Reading   (fpm)
0.18 -n
'c'o.16 z
1
roo.14 -
.^0.12 d
<
^0.10
C 0.08 d
LJ
0.06
Thermal Anemometer Calibration
Medium Scale (500 - 3000 fpm)
r2 = 0.996
I  I  I  I  I M  I  I  I I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  I  I  I  I  II  I  I  II  I  II  I  I I  I   I  I I  I  I  I  I
200.00  400.00  600.00  800.00  1000.00 1200.00
Thermalanemometer  Reading   (fpm)
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APPENDIX F
This section contains examples of the sieve data analysis and the
high volume cascade impaotor data analysis.
APPENDIX    F
Sieve Date Analysis
Sieve Size Range Tare Final Difference % In Size Cummulative
Mesh* (um) (arams) (qrams) (arams) Ranqe % < Size Ranqe
7 >2800 721.50 721.676 0.176 0.05 100.00
10 2000-2800 732.30 732.611 0.311 0.08 99.95
H 1400-2000 652.90 662.900 10.000 2.69 99.87
18 1000-1400 607.15 642.200 35.050 9.43 97.18
25 710-1000 601.00 664.500 63.500 17.09 87.75
45 355-710 540.00 680.650 140.650 37.85 70.66
60 250-355 381.30 435.200 53.900 14.51 32.81
100 150-250 369.80 399.800 30.000 8.07 18.30
HO 106-150 362.20 377.000 14.800 3.98 10.23
200 75-106 350.50 364.000 13.500 3.63 6.24
270 53-75 351.50 358.000 6.500 1.75 2.61
400 38-53 353.10 356.000 2.900 0.78 0.86
Pan <38 377.90 378.200
Total =
0.300
371.587
0.08 0.08
#APPENDIX  F
1High Volume Cascade Impactor Data Analysis
stage Tare Final Difference % In Size Cummulative Size Range Stage Cutoff
(arams) (arams) (grams) Ranqe SB i Size Ranqe (um) Diameter(um)
Blank 6.5000 6.5002 0.0002
Backup 3.5000 3.5341 0.0341 7.89 7.89 0-1.1 1.10
4 6.5000 6.5440 0.0440 10.18 18.06 1,1-2.0 2.00
3 6.5000 6.5851 0.0851 19.68 37.74 2.0-3.3 3.30
2 6.5000 6.5920 0.0920 21.28 59.02 3,3-7.0 7.00
1 6.5000 6.6772
Total =
0.1772
= 0.4324
40.98 100,00 >7.0
